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FOREWORD 


This  report  presents  the  final  results  of  one  of  the  projects  participating  in  the  military- effect 
programs  of  Operation  Hardtack.  Overall  information  about  this  and  the  other  military-effect 
projects  can  be  obtained  from  ITR— 1660,  the  “Summary  Report  of  the  Commander,  Task  Unit 
3.”  This  technical  summary  includes:  (1)  tables  listing  each  detonation  with  its  yield,  type, 
environment,  meteorological  conditions,  etc. ;  (2)  maps  showing  shot  locations;  (3)  discussions 
of  results  by  programs;  (4)  summaries  of  objectives,  procedures,  results,  etc.,  for  all  projects; 
and  (5)  a  listing  of  project  reports  for  the  military- effect  programs. 
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ABSTRACT 


The  primary  objective  was  to  determine  the  extent  of  chorioretinal  damage  caused  by  exposure 
to  very-high--altttade,  high- yield  nuclear  detonations  at  distances  of  50  to  350  nautical  miles 
from  hurst  point  and  to  relate  experimental  data  to  theoretical  calculations.  A  correlated  ob¬ 
jective  was  to  estimate,  from  the  data  derived  from  these  experiments,  distance  limits  beyond 
which  retinal  bums  were  not  expected  to  occur  from  nuclear  detonations  at  these  attitudes. 

Pigmented  rabbits  were  exposed  at  varying  distances  from  surface  zero,  on  the  surface  and 
at  attitude,  to  the  radiant  thermal  energy  from  two  very-high-altltude  bursts.  Burns  were  pro¬ 
duced  in  all  animals  at  all  stations  where  line-of-sight  vision  prevailed. 

During  Shot  Teak  (3-8  lit  at  about  352, 000-foot  attitude),  chorioretinal  burns  averaging  0.5 
mm  In  diameter  wnit  produced  in  rabbits  exposed  plexiglass  in  an  aircraft  at  an  ultitwV* 

of  15,000  feet  aad  a  slant  range  of  307  nautical  miles  from  the  burst  point. 

During  Shot  Orator  (3.8  Mt  at  about  125,000-foat  altitude),  similar  lesions  were  produced  in 
rubhitc  uwpuviil  behind  pjexjQiniir  aircraft  windows  at  an  attitude  of  24,000  feet  and  a  slant  range 
of  3M  magical  miles  from  the  burst  pub*. 

It  is  iiBtbaatnid  that  comparable  bums  in  the  rabbit  might  well  occur  on  the  surface  at  approxi¬ 
mately  these  same  distances  when  viewed  with  no  intervening  attenuator  (plexiglass). 

From  these  data  it  is  concluded  that  all  retinal  bums  occurring  within  180  nautical  miles 
weald  produce  a  permanent  scotoma  in  the  human  Macular  involvement  especially  would  reduce 
visual  acuity  to  a  critical  level. 
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INTRODUCTION 


1.1  OBJECTIVES 

The  primary  objective  was  to  determine  the  extent  of  chorioretinal  damage  caused  by  expo¬ 
sure  to  very-high-altitude,  high-yield  nuclear  detonations  at  distances  of  50  to  350  nautical 
miles  from  burst  point  and  to  relate  experimental  data  to  theoretical  calculations.  A  correlated 
objective  was  to  estimate,  from  the  data  derived  from  these  experiments,  distance  limits  beyond 
which  retinal  burns  were  not  expected  to  occur  from  nuclear  detonations  at  these  altitudes. 

1.2  MILITARY  SIGNIFICANCE  OF  CHORIORETINAL  BURNS 

There  is  probably  more  concern  in  the  military  for  the  temporary  scotomata  of  flashblindness 
than  for  the  permanent  chorioretinal  burns  per  se.  In  the  planned  methods  of  saturation  nuclear 
bombing  and  with  the  added  hazard  of  antiaircraft  missiles  equipped  with  nuclear  warheads,  the 
probability  of  scotomata  resulting  from  viewing  an  atomic  flash  could  be  relatively  high.  Here, 
however,  the  primary  concern  of  the  military  must  be  for  the  physiological  effect  that  might 
negate  the  completion  of  the  mission,  rather  than  the  resultant  pathological  change  in  the  retina. 
To  this  end,  then,  applied  research  is  being  directed  toward  development  of  eye-protective  de¬ 
vices  to  mitigate  the  physiological  hazard  (References  1,  2,  and  3). 

The  chorioretinal  burn  is  of  minor  medical  significance  when  compared  to  the  other  hazards 
of  war — particularly  a  nuclear  war.  Nevertheless,  basic  research  on  the  occurrence  and  se¬ 
verity  of  chorioretinal  bums  at  varying  distances  from  nuclear  detonations  is  required  because 
of  the  obvious  necessity  to  deny  certain  areas  to  the  civilian  population  during  nuclear  tests  and 
to  establish  precautionary  procedures  far  personnel  participating  in  such  nuclear  tests. 

1.3  BACKGROUND 

For  many  years  the  clinical  phenomenon  of  retinal  damage  caused  by  the  radiant  energy  of 
the  sun  has  been  known,  and  numerous  cases  have  been  documented.  Most  of  these  cases  have 
occurred  while  individuals,  without  eye  protection,  were  watching  solar  eclipses;  thus,  this 
type  of  retinal  lesion  has  become  known  as  eclipse  blindness. 

Because  the  fireball  of  a  nuclear  detonation  attains  internal  temperatures  comparable  to  that 
of  the  sun,  the  predicted  thermal-energy  release  is  of  sufficient  magnitude  to  cause  concern 
about  retinal  damage  in  humans  who  view  the  detonation  without  proper  eye  protection. 

During  Operation  Upshot-Knothole  (Reference  1),  chorioretinal  burns  were  produced  in  the 
eyes  of  rabbits  at  distances  up  to  42.5  miles  from  ground  zero.  Also,  in  four  instances,  retinal 
burns  were  produced  accidentally  in  humans  at  2  to  10  miles  distance.  The  burns  resulted  in 
permanent  scotomata  in  these  individuals.  During  Operation  Redwing  (Reference  2),  chorio¬ 
retinal  burns  were  produced  in  the  eyes  of  rabbits  and  small  primates  at  distances  of  2.7  to  8.1 
nautical  miles.  Some  of  these  barns  were  produced  even  though  the  eye  was  protected  by  fitters. 

Urn  lusts—  la  the  shows  s^srtmeats  and  those  predsced  in  eclipse  hUndness  roedWod  trem 
the  same  spectral  components  of  electromagnetic  radiation — aeataiy  the  visible  portion  with 
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some  contribution  from  the  infrared.  In  general,  the  difference  in  degree  of  retinal  damage 
varies  with  the  rate  of  energy  delivery  per  unit  area.  Because  eclipse  blindness  is  sustained 
through  a  markedly  contracted  pupil,  which  limits  the  amount  of  radiant  energy  delivered  to  the 
retina,  this  damage  can  occur  only  through  protracted  exposure.  Other  factors  of  Importance 
are,  of  course,  the  low  rate  of  delivery  of  the  radiant  energy  from  the  sun  and  the  ability  of  the 
retina  to  dissipate  the  heat  by  conduction.  In  the  case  of  a  nuclear  detonation,  however,  a  large 
portion  of  the  thermal  energy  may  be  delivered  to  the  retina  before  the  protective  blink  reflex 
becomes  operative.  In  addition,  this  exposure  may  well  occur  at  night  when  the  pupil  admits 
approximately  15  to  25  times  the  energy  that  a  contracted  pupil  does  in  the  same  time  interval, 
this  being  only  a  function  of  relative  pupillary  areas.  This  fact  probably  accounts  for  the  lack 
of  retinal  burns  during  the  Hiroshima  incident,  because  the  bomb  exploded  during  bright  sun¬ 
light  when  pupils  were  well  contracted. 

During  Operation  Redwing,  animals  exposed  to  detonations  in  the  megaton  range  at  sites 
where  the  total  thermal  radiation  was  of  the  order  of  0.8  to  1.0  cal/cmJ  did  not  receive  chorio¬ 
retinal  burns;  on  the  other  hand,  animals  exposed  to  detonations  of  much  lower  yield,  at  sites 
where  the  total  thermal  radiation  was  as  low  as  0.13  cal/cm2,  did  receive  burns.  This  was 
probably  a  result  of  the  longer  time  interval  over  which  the  thermal  radiation  from  the  higher- 
yield  detonations  dissipated  itself;  much  of  the  total  thermal  energy  reached  the  exposure  site 
after  the  rabbit  blink  reflex  (250  to  350  msec)  had  become  operative. 

Because,  in  Operation  Hardtack,  it  was  proposed  to  detonate  high-yield  weapons  at  high  al¬ 
titudes,  there  was  grave  concern  as  to  the  distances  at  which  chorioretinal  burns  could  occur 
should  personnel  without  eye  protection  inadvertently  view  the  bursts.  Studies  were  proposed 
in  an  effort  to  establish  distance  limits  beyond  which  chorioretinal  burns  would  not  occur. 

1.4  THEORY 

The  eyeball  in  the  human  is  nearly  an  inch  in  diameter  and  consists  essentially  of  three  sep¬ 
arate  concentric  layers  that  are  modified  anteriorly  to  admit  and  dominate  the  passage  of  light 
(Figure  1.1).  Within  these  layers  a  transparent  jelly  (the  vitreous  body),  a  lens,  and  a  fluid 
(the  aqueous  humor)  are  present.  The  outermost  layer,  the  sclera,  is  purely  protective;  the 
innermost,  the  retina,  is  a  light-sensitive  recorder  of  images;  and  the  intervening  uveal  layer 
consists  primarily  of  the  chorioid,  which  is  a  nutrient  vascular  bed  for  the  retina.  The  chorioid 
is  continued  forward  as  the  iris  and  ciliary  body  to  contain  the  intraocular  muscles  that  govern 
the  focusing  of  the  lens  and  pupillary  movements. 

The  cornea  is  slightly  more  convex  than  the  rest  of  the  globe  so  that  it  forms  an  anterior 
prominence.  The  sclera  covers  five  sixths  of  the  surface  of  the  eye,  leaving  only  two  openings, 
the  anterior  one  that  is  filled  by  the  cornea  and  a  smaller  posterior  one  for  the  exit  of  the  optic 
nerve.  The  cornea  forms  the  transparent  anterior  portion  of  the  eyeball  and  may  be  likened  to 
the  crystal  covering  a  watch  face.  Behind  the  cornea  lies  the  anterior  chamber  which  is  filled 
with  aqueous  humor,  which  is  also  optically  clear.  Behind  the  anterior  chamber  lies  the  lens 
which,  by  changing  its  shape,  controls  the  focus  of  light  rays  onto  the  retina.  Between  the  lens 
and  anterior  chamber  lies  the  iris  diaphragm  which  governs  the  size  of  the  pupillary  aperture, 
thus  controlling  the  amount  of  incident  light.  Behind  the  lens  is  the  vitreous  body,  which  is  also 
optically  clear. 

The  retina  is  composed  of  ten  layers  histologically  (the  second  of  which  consists  of  rods  and 
cones)  and  is  a  thin  light-sensitive  membrane,  transparent  in  life  (or  faintly  colored  by  the  vis¬ 
ual  purple  it  contains)  but  an  opaque  white  in  death.  It  lines  the  whole  interior  surface  of  the 
eye  except  where  it  is  pierced  by  the  optic  nerve  head  at  the  optic  disc  (Figure  1.2).  About  3 
mm  to  the  temporal  side  of  the  disc  and  slightly  below  it  lies  the  macula.  The  fovea  centralis 
is  in  the  center  of  the  macula  region.  At  the  fovea  centralis,  all  layers  are  depleted  or  absent 
except  the  outermost  which  is  composed  entirely  of  cones.  R  is  in  this  area,  the  fovea,  that 
visual  acuity  is  maximal  and  visual  acuity  decreases  on  passing  peripherally.  Thus,  at  the 
edge  of  the  macula,  visual  acuity  is  reduced  about  50  percent;  at  7.5  degrees  away  it  is  reduced 
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to  about  75  percent;  and  at  the  extreme  periphery  to  about  3  percent.  Actually,  acuity  is  maxi¬ 
mal  over  a  plateau  250  microns  in  diameter  at  the  fovea. 

The  eye  may  be  compared  to  a  camera.  Parallel  rays  of  light  are  refracted  by  the  cornea, 
lens,  and  ocular  media  so  that  they  are  focused  on  the  retina.  Should  a  burn  occur  directly  on 
the  fovea,  visual  acuity  would  be  markedly  decreased.  Should  it  occur  in  the  periphery,  there 
would  be  less  incapacitation,  depending  on  the  size  of  the  burn  and  its  location  in  relation  to  the 
fovea.  Thus,  the  optical  system  of  the  eye  acts  as  a  focusing  lens  which  produces  a  retinal 
image  of  the  fireball  of  a  nuclear  detonation.  Because  of  thi6  focusing  effect,  the  intensity  of 
thermal  radiation  on  the  retina  is  much  greater  than  the  intensity  incident  upon  the  eye.  Theo¬ 
retically,  neglecting  attenuation  by  air  and  other  media,  the  radiant  energy  incident  upon  the 
eye  will  be  inversely  proportional  to  the  square  of  the  distance  from  the  fireball.  However,  the 


Figure  1.1  Schematic  section  of  right  eyeball. 


area  of  the  fireball  image  on  the  retina  is  also  inversely  proportional  to  the  square  of  the  dis¬ 
tance  from  the  fireball.  The  intensity  of  thermal  radiation  on  the  retina  is,  therefore,  inde¬ 
pendent  of  the  distance  from  the  fireball.  The  inference,  then,  is  that  if  a  fireball  is  capable 
of  producing  chorioretinal  damage,  it  is  capable  of  producing  this  damage  at  great  distances. 
The  only  difference  caused  by  increasing  the  distance  is  that  the  burn  will  cover  a  smaller  area. 
However,  the  attenuation  due  to  intervening  media  (air,  water  vapor,  dust,  etc. )  sharply  re¬ 
duces  the  distances  over  which  burns  will  actually  occur. 

There  are  other  factors  that  must  be  considered.  The  chorioretinal  damage  produced  is  de¬ 
pendent  on  the  rate  of  delivery  of  the  radiant  energy  on  the  area  of  the  fireball  image,  and  on 
the  total  energy  delivered.  If  the  radiant  exposure  at  the  retina  is  below  the  rate  at  which  the 
energy  can  be  dissipated  by  the  retina,  there  will  be  no  damage.  The  total  time  of  exposure 
must  also  be  considered.  The  normal  blink  reflex  of  about  300  msec  in  rabbits  and  50  to  150 
msec  in  man  will  limit  exposure  to  that  period  of  time.  Only  that  radiation  received  before  the 
blink  reflex  becomes  operative,  rather  than  the  total  thermal  radiation,  is  of  importance  in 
causing  chorioretinal  damage.  Data  derived  from  Shot  Yucca  during  Operation  Hardtack  (Ref¬ 
erence  4)  clearly  suggests  that  the  total  thermal  energy  for  a  high-altitude  burst  will  be  deliv¬ 
ered  in  the  order  of  20  to  85  msec,  which  period  is  well  before  the  blink  reflex  tiaae. 

A  further  consideration  is  the  pupillary  radius,  because  the  energy  deltvered  to  the  retina  is 
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directly  proportional  to  the  square  of  the  radius  of  the  pupil.  Because  the  pupil  is  larger  during 
darkness,  the  possibility  exists  that  threshold  distances  might  well  be  greater  at  night  than  dur¬ 
ing  daylight  hours  for  shots  of  comparable  characteristics.  In  addition,  the  attenuation  of  the 
radiant  energy  by  the  intraocular  media  must  be  considered.  Because  there  was  no  available 
data  on  the  transmission  characteristics  of  these  media,  an  arbitrary  fractional-transmission 
coefficient  was  selected,  on  the  basis  of  transmission  coefficients  of  similar  tissue. 

Other  factors  are  introduced  by  a  high-altitude  burst.  The  reduced  attenuation,  higher  ther¬ 
mal  output,  and  a  shorter  thermal- energy  delivery  time  can  result  in  chorioretinal  damage  at 
distances  and  for  yields  that  would  present  no  problem  for  surface  or  low-altitude  bursts. 

1.4.1  Incidence  Angle  of  Radiation  at  Observation  Point.  Of  considerable  importance  is  the 
angle  of  incidence  of  the  thermal  radiation  on  the  observation  point.  Very  small  angles  of  in- 
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Figure  1.2  Drawing  of  posterior,  inner  aspect  of  the  eye. 

cidence  imply  that  the  radiation  proceeds  for  a  considerable  distance  through  the  dense  lower 
atmosphere  and  thus  is  attenuated  more  rapidly.  In  addition,  the  curvature  of  the  earth  pre¬ 
cludes  viewing  the  fireball  at  some  given  distance,  depending  upon  the  height  of  the  burst  and 
the  height  of  the  observation  point.  For  this  experiment,  calculations  of  various  angles  of  in¬ 
cidence  were  necessary  to  position  the  experimental  animals  as  accurately  as  possible  so  that 
a  high  probability  of  viewing  the  fireball  would  be  attained. 

Figure  1.3  is  a  plot  of  the  angle  of  incidence  as  it  varies  with  the  distance,  on  the  ground, 
from  ground  zero,  for  detonations  at  252,000  feet  (Shot  Teak)  and  125,000  feet  (Shot  Orange). 
In  addition,  the  angles  of  incidence  from  these  shots  as  might  be  experienced  by  aircraft  at 
various  altitudes  and  at  varying  distances  are  shown  in  Figures  1.4  and  1.5.  The  expressions 
from  which  these  data  were  obtained  are  given  below. 

Surface  observation  point: 

„-i  f  S  f  1  +  H/(2  R)  —  SV(8  RJ)  ]  ) 

y  =  cos  p — wtw* — } 

Where:  y  =  angle  of  burst  above  horizon  in  degrees 
H  =  altitude  of  burst  in  nautical  miles 
R  =  radius  of  earth  (3,437.8  nautical  miles) 
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Figure  1.3  Angle  of  burst  above  Figure  1.4  Angle  of  burst  above  horizontal 

horizon  versus  surface  distance.  versus  surface  distance,  Shot  Teak. 


S  =  surface  distance  from  ground  zero,  nautical  miles  (see  Figure  1.6) 


Altitude  observation  point: 


S(1  +A/R) 


UR)  ,  +  H-A  _  ^ (1  +  A/R)2 
/}  L1  +  2(r/h)  8  (R  +  A)2 

(H-A)2  +  S2  (1  +  A/R)2!  1/2 


Where:  y ^  =  angle  of  burst  above  horizontal  in  degrees 
A  =  altitude  of  observation,  nautical  miles 

1.4.2  Threshold  of  Energy  Required  to  Produce  Retinal  Burns.  At  the  rates  of  radiant  en- 
ergy  under  consideration  (greater  than  5  cal/ cm2  delivered  to  the  retina  in  0.2  second  or  less), 
it  has  been  estimated  (References  4,  5,  and  6)  that  there  is  a  threshold  of  energy  incident  on  the 
retina  required  to  produce  retinal  burns  and  that  this  threshold  varies  with  the  size  of  the  fire¬ 
ball  image  on  the  retina.  Figure  1.7  (Reference  5)  shows  the  variation  of  estimated  threshold 
energy  with  image  size.  The  curve  implies  that  the  minimum  image  diameter  that  will  sustain 
a  burn  is  about  0.1  mm. 

1.4.3  Diameter  of  Fireball  Image  on  the  Retina.  The  diameter  of  the  fireball  image  should 
follow  the  simple  law  of  geometrical  optics: 


dr  =  q  dfb 


Where:  dr  =  diameter  of  image  on  retina,  mm 
F  =  focal  length  of  eye 
D  =  distance  from  fireball  to  image,  cm 
dfb  =  diameter  of  fireball,  mm 

The  diameter  of  the  fireball  image  on  the  retina  was  calculated  using  the  assumptions  that  (1) 
the  effective  fireball  diameter  would  be  7  km  for  Shot  Teak  and  4  km  for  Shot  Orange  (References 
4  and  7),  (2)  the  distance  was  taken  from  the  center  of  the  fireball  to  the  retina,  and  (3)  the  aver¬ 
age  focal  length  in  the  rabbit  eye  is  1.5  cm.  Figure  1.8  indicates  the  variation  of  image  diameter 
with  distance  along  the  surface  from  surface  zero.  Figures  1.9  and  1.10  are  equivalent  graphs 
of  image  size  at  various  distances  and  altitudes  in  the  ranges  in  which  the  airborne  exposure 
stations  were  positioned. 

1.4.4  Unscattered  Irradtance  Dose  at  Observation  Point.  To  reasonably  position  experimental 
animals,  it  was  desirable  to  estimate  the  irradiance  as  a  function  of  distance  from  burst  point  (or 
from  surface  zero).  Because  of  uncertainties  in  the  anticipated  thermal  spectrum  and  in  the  at¬ 
mospheric  composition,  and  the  unavailability  of  appropriate  air  absorption  and  scattering  coef¬ 
ficients,  an  effort  was  made  to  estimate  the  unscattered  Irradiance  as  a  function  of  distance  from 
surface  zero  for  a  range  of  assumed  attenuation  coefficients.  The  attenuation  coefficients  were 
selected  to  correspond  to  narrow-beam  transmissions  at  sea  level  for  standard,  clear,  dry  air 
of  98,  95,  93,  and  90  percent  transmission  per  nautical  mile.  These  assumptions  gave  the  fol¬ 
lowing  coefficients: 

kj  =  8.346  x  10~5  cm2/gm  (98  pct/nm) 
k2  =  2.128  x  10“4  cmVgm  (95  pct/nm) 
k3  =  3.088  x  10-4  cm2/gm  (93  pct/nm) 
k«  =  4.S82  x  10“4  cmVgm  (90  pct/nm) 

The  transmission  through  an  atmosphere  of  varying  density  and  composition  may  be  calculated 
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by  assuming  an  average  attenuation  coefficient,  as  above,  or  perhaps  more  realistically,  by 
assuming  different  attenuation  coefficients  for  various  portions  of  the  path  length.  For  this 
approximation  an  attenuation  coefficient  of  3.088  x  10“ 4  was  rated  up  to  an  altitude  of  1  nautical 
mile.  A  value  of  2.128  x  10" 4  was  used  for  that  portion  of  the  path  falling  between  a  1-  and  2- 
nautical  mile  altitude,  and  8.346  x  10-5  was  used  as  the  attenuation  coefficient  above  2  nautical 
miles. 

The  variation  in  air  density  with  altitude  was  assumed  to  be  exponential  and  to  obey 'the  re¬ 
lation 


d 


do  e 


-qH 


Where:  H 
d 

q 

do 


altitude  in  nautical  miles 
air  density,  gm/cm3 
0.2324  (nautical  miles)-1 
sea-level  air  density,  gm/cm3 


The  curvature  of  the  earth  was  taken  into  consideration  in  the  calculations. 

On  the  basis  of  these  assumptions,  the  unscattered  radiant  exposure  at  the  eye,  Qp,  in 
calories  per  square  centimeter  is  given  by: 


_  af  pWfct  x  1012  k!l 
4  7TD2 


Where:  It  =  18.492  x  104  d0 


X  H2  + 


S2)1^ 


2HR-  S*)x 
+  (H2  +  S?)1* 


dx 


Correspondingly,  the  unscattered  radiant  exposure  on  the  retina,  Qj- ,  in  calories  per  square 
centimeter  is  given  by: 


Qr  =  TE  (rp/F)1  (D/rfb)1  Qp 


Where:  a 

f 
P 

Wkt 

H 

S 

.  d0 

k 

q 

R 

rfb 

F 

te 

rP 

D 


spectral-attenuation  factor  (a  =  0.5) 

fraction  of  total  thermal  energy  emitted  during  blink  reflex 

fractional  thermal  partition 

total  yield,  kilotons 

altitude  of  burst,  nautical  miles 

surface  distance  from  ground  zero,  nautical  miles 

sea-level  air  density,  gm/cm3 

air-attenuation  coefficient,  cm!/gm 

coefficient  of  air  density  variation  with  altitude 

earth’s  radius,  nautical  miles 

radius  of  fireball,  cm 

focal  length  of  eye,  cm 

fractional  transmission  of  eye  system 

radius  of  pupil,  cm 

slant  distance  from  burst  to  point  of  observation,  cm 


The  results  of  the  calculations  using  p  =  3i ,  f  =  1 ,  and  W^  =  4  Mt  are  given  for  Shots  Teak 
and  Orange  in  Figures  1.11  through  1.14. 

Using  data  from  Figures  1.11  through  1.14  and  1.7  through  1.10,  estimates  of  the  maximum 
distances  for  which  chorioretinal  burns  were  anticipated  were  obtained. 

Estimates  of  the  unscattered  radiant  exposure  at  altitude  were  made  neglecting'  the  curvature 
of  the  earth.  The  expressions  used  for  these  calculations  were: 
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Atropine  sulfate,  V, -percent  solution,  wasused  for  pupillary  dilatation.  Sedation,  when  neces¬ 
sary,  mi  accomplished  with  sodium  pentathol,  or  thorazine. 

Alter  Bhot  Orange,  these  procedures  were  re-accompitshed  on  the  contralateral  eye 
Selected  rabbtts  were  sacrificed  and  their  eyes  enucleated  and  preserved  for  further  grows 
andmlcroscoplc  pathologic  study  at  the  School  of  Aviation  Medicine  (BAM),  OTAF;  otters  were 
returned  toSAM  for  long-term  fallow up. 


Chapter  3 

HESULTS 


The  detailed  results  are  shown  in  the  tables  of  this  section.  The  pathology  of  the  retinal  burns 
and  the  photographic  evidence,  both  gross  and  microscopic,  are  discussed  in  Chapter  4. 

3,1  SHOT  TEAK 

3.1.1  Thermal  Measurements.  A  summary  of  the  data  of  Project  8.1  is  shown  in  Table  3.1. 
A  detailed  discussion  of  these  data  is  contained  in  the  Appendix.  It  was  technically  iaspossitale 
to  measure  the  radiant  dose  at  the  rettaia  at  this  ttae,  but  the  experimental  results  indicate  that 


TABLE  3.1  SUMMARY  OF  THERMAL  MEASUREMENTS,  CLOUD  COVER,  AND 
RETINAL  LEMONS,  SHOT  TEAK 


Station 

Slant  Range 

tr out 

Burst  Point 

Radiant  Eapusuie 
IBtack  Body  Receiver) 
at  Station 

Retinal  Lesion 
Diameter 
((Average  Lesion) 

Type  of  ISne  or  Sight 
Cloud  Cover  to  Detonation 

aaut  mi 

cal/em2 

imn 

JobMton  island 

41 

1.2 

2.2 

CloaT 

Unobstructed 

BBS  DeBuven 

19 

0.27 

1.6 

Strato 

oumulos 

BBS  Cogswell 

155 

0.0S6 

0.99 

Strato 

Unobstructed 

oumulus 

BBS  Hitohiti 

30 1 

0.0007* 

0.00 

Strato 

Obstructed 

oumulus 

B-36No.  1 

VS.S 

— 

1.8 

Cloar 

Unobstructed 

B-36No.  2 

73.8 

— 

1.8 

Clear 

Unobstructed 

c-«7 

307 

0.015 1 

0.5 

Cloar 

Unobstructed 

*  Scattered  thermal  radiation, 
t  Measured  through  phudgiaM  aircraft  window. 


the  a— Mptiahs  made  tor  transmission  of  energy  through  the  media  of  the  eye  were  reasonable. 
Table  3.1  also  indicates  the  type  of  cloud  cover  at  shot  time  for  the  various  exposure  stations 
and  whether  the  line  of  sight  from  the  rabbits  to  the  detonation  point  was  obstructed,  as  well  as 
the  diameter  of  representative  lesions  at  each  station. 

3.1,3  Bltafc-ftefle*  Time.  Ho  attempt  was  made  to  measure  the  time  required  for  the  rabbits 
to  Mink  after  the  sttnaOus  of  the  light  flash.  Bltnk~r«flex  time  has  been  measured  previously, 
and  it  whs  assumed  that  the  total  thermal  energy  from  the  detonation  would  be  delivered  well 
within  the  blink-reflex  time.  Thus,  It  was  only  necessary  to  know  that  the  rabbits’  eyes  were 
open  during  the  time  of  the  thermal  flash.  Figure  3.1  Is  a  representative  photograph  of  the  rab¬ 
bit  eyes  taken  at  the  time  ot  the  detonation.  Table  3.3  denotes  the  condition  of  the  rabbits’  eyes 
at  time  of  detonation,  the  percent  of  retinal  burns,  and  average  site  of  the  bums. 


I  of  Project  3.1  dartag^hot  Ovaagi  are  shown  tn  Table  3.3.  *e- 
cwsae  el  mare  atmospheric  attenuation,  the  eaposure  station  distances  were  changed  for  this 


Figure  3.1  CuHdttton  of  rttbbtts’  «]M 
(open  or  cloaod)  at  ttme  of  detonation  at 
SOO-mile  purface  station,  BhotTeak. 


TABLE  3.2  CONDITION  OF  BABBITS’  EYES  AT  EXPOSURE 
TIME,  PERCENT  RETINAL  BURNS,  AND  AVER¬ 
AGE  BURN  SIZE,  'SHOT  TEAK 
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4 
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1.6 

»-36No.  2 

4 

Open 
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1.8 

C -SI 

8 

Open 

100 

0.S 

TABLE  3.3  'SUMMARY  OF  THERMAL  MEASUREMENTS,  CLOUD  COVER,  AND 
RETINAL  LESIONS,  SHOT  ORANGE 
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T**L£  34  OOMHIKN  OF  BUIS'  EYES  AT  1XMGDU 
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age  RERNAUE,  SOT  (KMGE 


Reilim 

Itanter  «f 

AfES* 

Mtitanl  Aw 

iBtVS  1 

SLS-* 

jet 

MU 

EBBwr 

* 

0 

— 

mri|piiniii 

* 

Of** 

l«0 

0-5 

TTWrmn 

* 

Ofmn 

— 

— 

c-an 

* 

57-5 

8.4 

TSffiLE  8.5  GGMMH080N  OF  ESTIMATED  AS®  MEASURED  RADIANT  EXPOSURES,  IMAGE 
AND  LEMON  DIAMETERS 
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shot.  Table  3.3  also  shows  the  type  of  cloud  cover  at  shot  time  for  the  various  exposure  stations 
sad  whether  the  line  of  sight  to  the  detonation  point  was  obstructed,  as  well  as  the  diameter  of 
representative  lesions.  Figure  3.2  is  a  photograph  of  the  cloud  cover  at  shot  time  at  the  141- 
ntiie  grand  station.  Table  3.4  indicates  the  condition  of  the  rabbits’  eyes  at  time  of  detonation, 
the  percent  of  retinal  barns,  and  average  size  of  the  burns. 

3^  SUMMARY 

A  so— ary  of  the  comparisons  between  the  preshot  estimates  and  postshot  measurements  of 
physical  parameters  is  contained  in  Table  3.5. 


Chapter  4 

DISCUSSION 


There  are  two  major  problems  facing  the  flier  who  is  exposed  to  a  nuclear  detonation — flash¬ 
blindness  and  chorioretinal  burns.  Flashblindness  is  a  term  used  to  designate  a  transient  loss 
of  vision  following  the  exposure  of  the  retinal  rods  and  cones  to  extremely  bright  light.  It  is  a 
physiological  response,  results  from  the  depletion  of  the  photosensitive  chemical  substances 
within  the  rod  and  cone  cells,  and  varies  in  time  (from  1  second  to  several  minutes)  according 
to  the  duration  and  intensity  of  the  light  exposure.  There  is  no  anatomic  change  produced,  and 
the  vision  returns  to  its  previous  level  of  acuity. 

The  second  category  of  primary  disturbance  is  that  of  chorioretinal  burns,  an  actual  destruc¬ 
tion  of  the  percipient  cells  of  the  retina.  Here  again,  the  severity  of  the  anatomical  lesion  and  ’ 
the  final  integrity  of  visual  ability  are  dependent  upon  the  magnitude  and  duration  of  exposure. 

The  burns  can  be  caused  by  energy  released  in  the  infrared  or  in  the  visible  light  spectra.  The 
actual  mechanism  of  production  of  the  burns  is  simple;  if  intense  light  falls  upon  the  retina  at  a 
fast  rate  of  application  so  that  heat  is  absorbed  into  the  cellular  elements  faster  than  it  can  be 
dissipated  by  the  chorioidal  circulation,  then  heat  accumulates  within  the  cells  and  a  burn  re¬ 
sults.  The  actual  absorption  of  heat  occurs  in  the  pigment  epithelium  of  the  retina.  If  there  is 
a  slight  excess  above  tolerance,  only  the  pigment  epithelium  may  be  damaged;  a  somewhat  great¬ 
er  excess  will  damage  the  rod  and  cone  cells,  resulting  clinically  in  a  scotoma  (a  non-seeing 
area  in  the  visual  field  corresponding  to  the  anatomic  area  of  destruction  of  retinal  cells).  A 
still  greater  excess  of  heat  may  destroy  not  only  these  elements  but  also  the  overlying  nerve- 
fiber  layer  which  carries  impulses  from  the  peripheral  retina;  clinically,  this  would  result  in 
a  wedge-shaped  sector  defect  in  the  visual  field  with  its  apex  at  the  burn  site. 

The  degree  of  incapacity  following  a  chorioretinal  burn  will  also  be  dependent  upon  the  se¬ 
verity  of  the  lesion.  Simultaneously  with  the  production  of  the  burn,  there  appears  in  the  un¬ 
destroyed  tissue  a  halo  of  edema,  which  again  is  variable  in  extent.  At  some  time  following 
the  injury,  the  inflammatory  process  spreads  into  the  vitreous  body,  causing  haziness  and 
perhaps  the  appearance  of  floaters.  Once  again,  these  features  are  Quite  variable.  Finally, 
the  inflammatory  response  of  the  globe  as  a  whole — sclera,  chorioid,  ciliary  body,  and  other 
portions — is  determined  by  the  extent  of  the  destructive  lesion.  With  so  many  factors  to  be 
considered,  therefore,  the  incapacity  which  follows  a  chorioretinal  burn  cannot  be  predicted 
with  any  accuracy.  By  its  very  nature  of  visual  Impairment,  however,  any  amount  of  such 
handicap  is  critical  to  one  who  flies  aircraft. 

4.1  TECHNIQUE 

The  ban das  lesions  were  measured  as  follows;  the  comparative  unit  of  measure  was  arbi¬ 
trarily  determined  to  he  1  grid  square,  using  the  grid  aperture  of  the  standard  Welsh- Altyn 
direct  ophthalmoscope  (May-type  head).  The  diameter  of  the  lesion  was  recorded  as  x-number 
of  grid  squares.  The  diameter  of  the  chorioretinal  lesion  of  one  animal  was  measured  In  grid 
squares  before  death;  after  death,  the  animal’s  eye  was  opened  and  the  lesion  actually  measured 
with  a  fine  calmer.  The  actual  sixe  of  the  retinal  lesion  wus  l  mm  in  diameter  as  measured 
with  the  calipers  and  5  grid  squares  in  diameter  as  measured  with  the  ophthalmoscope.  There¬ 
fore  1  grid  was  equal  to  0.4  mm.  The  sixe  of  all  chorioretinal  lesions  was  calculated  using  0.4 
ama  per  grid. 
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41 -mile  surface  station. 


73.8- Kile  air  atortto i 

i  (B-36  No.  1). 

Figure  4.1  Betteel  fe 
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eyes  at  four  station* 

,  Shot  Teak. 
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73.8- mile  air  station  (B-36  No.  2),  Shot  Teak. 


307-mile  air  station,  Shot  Teak.  . 


226-mile  air  station.  Shot  Orange. 


88- mile  surface  station,  Shot  Orange. 

Figure  4.2  Retinal  burns  in  raboit  eyes 
at  four  stations.  Shots  Task  and  Orange. 
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Figure  4.3  Retinal  lesion  in  left  eye  of  Rabbit  70  exposed  to  Shot  Teak 
at  41-mile  surface  station  and  photographed  at  H  + 10  hours.  White  oval 
lesion  with  a  yellowish-red  halo  surrounds  a  granular  blackish-yellow 
area  in  the  center.  It  has  3  diopters  of  elevation  and  is  approximately 
2.40  mm  in  diameter.  Subsequent  examinations  revealed  that  the  lesion 
became  a  mottled  black-and-white  area  without  elevation.  However,  the 
lesion  subtended  the  same  diameter  as  initially. 
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Figure  4.4  Retinal  lesion  in  right  eye  of  Rabbit  35  exposed  to  Shot  Teak 
at  73.8-mile  air  station  (B-36  No.  2)  and  photographed  at  H  +  26  hours. 
White  circular  lesion  with  red  hemorrhage  is  surrounded  by  a  grayish- 
white  area  in  the  center.  Gray  area  is  surrounded  concentrically  by  a 
white  halo,  gray  area,  and  finally  a  yellow  linear  area.  Lesion  is  ele¬ 
vated  3  diopters  and  is  2.0  mm  in  diameter. 
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Figure  4.5  Retinal  lesion  in  left  eye  of  Rabbit  33  exposed  to  Shot  Teak 
at  73.8-mile  air  station  (B-36  No.  1)  and  photographed  at  H  +  26  hours. 
Circular  fluffy  white  lesion  with  a  hole  is  surrounded  by  red  pigment  in 
its  center.  It  is  elevated  4  diopters  and  is  180  mm  in  diameter. 
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Figure  4. 6  Retinal  lesion  in  left  eye  of  Rabbit  56  exposed  to  Shot  Teak 
at  79-mile  surface  station  and  photographed  at  H  + 12  hours.  Circular 
white  lesion  with  a  gray  star-shape  is  surrounded  by  white.  Superiorly, 
there  is  red  pigment;  interiorly,  a  floral- shaped  area.  This  is  surround¬ 
ed  by  concentric  rings  from  within — outward  of  yellow,  red,  and  yellow 
colors.  The  lesion  has  3  diopters  of  elevation  and  is  2.0  mm  in  diameter. 
Subsequent  examinations  showed  lesion  as  wide  as  when  first  examined, 
but  the  elevation  (edema)  was  gone  and  it  was  black  and  white  in  color. 
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Figure  4.7  Retinal  lesion  in  left  eye  of  Rabbit  75  exposed  to  Shot  Teak 
at  155-mile  surface  station  and  photographed  at  H  +  ll  hours.  It  is  a 
pearly  white  oval-shaped  lesion  with  a  reddish  center  and  has  a  peri¬ 
pheral  yellowish  halo.  It  has  1  diopter  of  elevation  and  is  0.91  mm  in 
diameter. 
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Figure  4.8  Retinal  lesion  in  right  eye  of  Rabbit  43  exposed  to  Shot  Teak 
at  307-mile  air  station  and  photographed  at  H+26  hours.  It  is  a  circular 
lesion  with  a  white  center  surrounded  concentrically  by  a  black  ring  and 
a  yellow  peripheral  area.  It  has  questionable  edema  and  is  0.53  mm  in 
diameter.  Subsequently,  the  lesion  became  much  smaller. 
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Figure  4.9  Photomicrograph  of  retinal  lesion  in  left  eye  of  Habbit  '70 
exposed  to  Shot  Teak  at  41-mile  surface  station.  Hi-stology:  This 
section  shows  an  area  of  retina  with  a  loss  of  its  pigment  epithelium, 
rod  and  cone  layer,  and  outer  nuclear  layer.  The  inner  nuclear  layer 
is  disorganized,  and  the  inner  molecular  layer  is  cystic  and  disor¬ 
ganized.  Adjacent  to  this  area,  there  are  scattered  clumps  of  retinal 
pigment  and  disorganized  retina. 
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Pigure-4.10  'Photomicrograph  of  r  etinal  lesion  in  right  eye  oi  Pahbit  35 
exposed  to  Shot  Teak  at  73. -8-mile  air  station  (B-36  No.  2).  Histology: 
An  area  not  shown  in  this  photograph  had  totally  lost  Hie  retinal  layers. 
Except  tor  the  pigment  in  the  chorioid,  all  pigment  has  been  dispersed 
irom  the  area,  large  areas  adjacent  to  the  severely  scarred  area  hare 
disrupted  r  etina  and  chorioid.  Glial  tissue  is  present  in  the  vitreous 
cavity  of  the  globe. 
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^Figure  4.11  i^dtamicrograph  .of  retinal  lesion  in  left  eye  of  Sts&bit  33 
exposed  to  Shot  TDeak  -at  TJSUS-mile  air  Station  ‘(©-36  No.  1 ).  Mstology: 
Magnification  approximately  BOO  times.  Whole  .area  of  lesion  not  shown. 
In  the  original  slide,  just  to  the  right  of  the  retinal  fold  (artefact),  the 
pigment  epithelium  is  present  in  clumps  only.  In  the  section  shown  in 
the  photograph,  the  pigment  epithelium  is  disrupted  and  the  remainder 
of  the  retina  -completely  disorganized.  .Apparently,  much  of  the  tissue 
pictured,  especially  in  the  .area  to  the  right  of  the  lesion,  is  glial  tissue. 
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Iffgxire  4.12  Eh otoniicxograph  -of  retinal  lesion  in  left  eve  ef  HaJbfeit  56 
exposed  tfco  Shat  Teak  at  IB-mile  smiaee  station.  Histology:  TMs  sec¬ 
tion  shows  an  area  of  atesTganfeod  eharioid,  loss  off  piganent  epitieiiaam, 
loss  off  rods  and  cones,  and  dissolnffdon  off  tie  tensaisaimg  rcninal  layers. 
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A-3.2  Pbnttonoil  Bendings.  Daring  Shot  Teak,  the 
jfrTpfrr«TMpfli  tPBHf1  mat  att  agate  at  tmtiwiny  of  the 

shot,  awcnp t  tar  'tmo  or  tinge  nmn,  end:  then  dropped 
hawk  ant.  art  gin  in  a  aaapetfa  anrve  tfaatin  some  canes 
gtnrweri  awe  tail  pip.  Xatoie  A.2.  indicates  the  ahape 
of  tide  anrve  by  gtvtBgncrrraailrndcleflargllaaH  for  fl ve 


showed  greater  discrepancies  than  can  be  explained 
as  experimental  error. 

A. 3.3  Angular  Correction.  During  Shot  Teak,  the 
average  roll  of  the  UStSDeHseen  wee  3.5  degrees  and 
of  the  IiaB  Cagswull,  5  degrees.  AtzerotUns  fbr 
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oaused  bv  improper  rrnnrattwi  of  the  cadartmeSers  and 


t  bar  the  sidpi 
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Mo  pitch,  roll,  or  heeding  information  were  avail- 
abletortbe  USB  HtteUtt.  Howe  re  r,  the  direct  line  of 
eight  tor  this  aht ip  wee  interrupted  by  doods,  end  eo 
mag  roesonnbte  errore  in  -m  1— lation  wonld  not  he  sig- 


almoet  identical  for  each  elation.  This  indicates  that 
the  ratio  of  the  radiant  energy  incident  at  any  fixed 
instant,  in  the  wave-length  region  in  which  these  cells 
were  sensitive  to  the  total  incident  radiant  energy,  was 
constant  for  these  stations.  The  fact  that  the  values 


TABLE  A-2  PHOTOCELL  REAOdtGB,  SHOT  TEAK 


Paines  are  raw  defieirtlnns  divided  by  the  product  of  the  average  calorimeter  reading  at 
the  etnttan  (front  Table  A.l),  the  filter  I  nsenilttance,  andthe  sensitivity  of  the  photocell. 


*■*» 

Oseilftagnpi 

TnwM 

i  Moressilned  Deflection  Interval  Alter  Zero  Time 

ir  20«nc 

40  msec 

SO  msec 

80  msec 

100  msec 

Arbitrary  Unite 

-Tiiiet  island 

7 

26 

15 

9 

5.7 

3.9 

8 

23 

13 

8 

4.9 

3.2 

WMIna 

2 

25 

14 

9 

6.2 

4.3 

OS  Chgewell 

3 

K 

15 

9 

6.1 

4.3 

4 

oe* 

OB* 

OB* 

5.9 

4.3 

xm  Httchlu 

1 

25t 

15 1 

10t 

8.7 1 

4.8 1 

€-9 7 

I 

54 

31 

20 

14 

10 

2 

oar* 

27 

17 

12 

9 

•<W  see is. 

f  The  rolnes  for  the  UB  ffitefctti  onted  sot  be  aorasalized  as  the  others  were,  because 
no  aalm  t  meter  was  avail  whir  foam  Tshie  A.1.  testes d,  to  hcillhte  contparisoo  of  the 
curve  with  the  ethers,  the  USB  HtSsMti  resefagn  were  staapiy  nonenliaed  to  make  the 

an  wiser  reading  spoal  25. 


tor  the  C-97,  which  was  at  a  much  p  vatu  r 
stations,  were  doable  the 
’  the  proportion  at  energy  in 

tlve 


than 

inrii- 


TABLE  A3  CORRECTED  VALUES  OF 
BADbtHT  EXPOSURE 


Shdten 

SntatEHSteuro 

cal/cte2 

Shot  Teak'. 

Motet  fated 

1.2 

USB  Be  Raven 

0.27 

USBGvgsweU 

0.M6 

DKfftoit i* 

0.8S07 

C-97 

0.015 

Shot  Oraife : 

USB  Saner* 

0.07 

USB  Rpe  urn 

0.075 

USB  Ue  Haven  * 

0.007 

C-97 

0.0035 

*  Direct  live  of  sight  to  fireball  inter- 
lvgjted  hw  clouds. 
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nearly  the  imw  shape  from  station  to  station,  leading 
to  the  same  conclusion  aa  waa  reached  in  the  first  sen¬ 
tence  of  the  previous  paragraph. 

A. 3.5  Time  Characteristic  of  Radiation.  Aa  stated 
in  flection  A. 2.2,  the  photocell  traces  for  flhot  Teak  dif¬ 
fered  markedly  from  those  for  flhot  Oraags.  Although 
the  same  oells,  networks,  galvanometers,  and  opera¬ 
ting  conditions  were  need  for  both  shots,  there  waa 
apparently  a  real  difference  in  the  time  characteristic 
of  die  two  shots.  An  accurate  estimate  of  the  time 
characteristic  of  the'  thermal  radiation  cannot  be  made 
from  tiie  present  data,  because  the  photocells  used 
were  selective  in  their  spectral  rwspanee,  and  the  ratio 
of  energy  in  the  sensitive  wave-length  region  of  the 
photocells  to  the  total  energy  waa  probably  not  constant 
from  instant  to  instant  for  the  duration  of  the  shot.  A 
further  complication  ties  in  the  fact  that  the  time  con¬ 
stant  of  the  galvanometers  may  have  been  too  great  for 
tiie  rate  of  fluctuation  of  the  thermal  radiation. 

A. 3.6  Radiant  Espoaure.  Table  A.2  shows  that  the 
ratio  of  tiie  photocell  readings  to  the  average  calorlm- 
eter  vaulting  was  constant  within  about  5  percent  from 


station  to  station  for  Johnston  Island,  USS  DeHaven, 
and  Uflfl  Cogswell  in  Shot  Teak.  This  indicates  that 
the  random  error  in  the  calorimeter  readings  was 
within  about  5  percent  for  these  stations. 

For  the  C-97  station,  the  ratio  was  close  to  double 
that  for  the  other  stations,  indicating,  as  mentioned 
in  Section  A. 3.4,  either  a  spectral  effect  or,  more 
likely,  an  error  in  the  single  calorimeter  reading 
available  for  the  C-97.  Weighing  these  two  possibili¬ 
ties  equally  results  In  a  revised  estimate  of  the  ther¬ 
mal  intensity  at  the  C-97  station:  namely,  the  value 
0.015  cal /cm2,  with  a  random  error  within  about  33 
percent,  instead  of  the  value  0.010  cal/cm2  given  in 
Table  A.l. 

For  the  station  on  the  USS  Hitchltl  during  Shot  Teak, 
where  no  calorimeter  reading  was  obtained  because  of 
the  low  thermal  Intensity,  similar  reasoning  based  on 
the  photocell  readings  gives  0.0007  cal/cm2  as  the  best 
estimate  of  thermal  intensity. 

No  correction  of  the  calorimeter  data  of  8hot  Orange, 
on  the  basis  of  photocell  data,  can  be  made. 

The  corrected  values  of  radiant  exposure  for  .Shots 
Teak  sad  Orange  are  given  in  Table  A.3. 
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